background: Knowledge about the identity and characteristics of spermatogonial stem cells (SSCs) in human is very limited. Here, Rhesus monkey was used as an animal model to investigate molecular and phenotypic characteristics of SSCs in the adult testes.
Introduction
Spermatogenesis is a highly regulated process in which undifferentiated germ cells classified as spermatogonial stem cells (SSCs) divide and mature to produce spermatozoa during and after puberty. In rodents, A s (A single ) spermatogonia are considered to be stem cells of spermatogenesis, capable of both self-renewal and differentiation (Oakberg, 1971; De Rooij, 1973; De Rooij, 2001 ). Unlike rodents, in human and other primates classical histological studies of nuclear morphology indicate that two types of undifferentiated spermatogonia are present on the basement membrane of testicular seminiferous epithelium, designated as A dark and A pale spermatogonia (Clermont and Leblond, 1959; Heller and Clermont, 1963; Schulze et al., 1986; Zhengwei et al., 1997; Simorangkir et al., 2005) . Recent studies in adult Rhesus monkey testes revealed that indeed A dark spermatogonia represent a reserve stem cell population which rarely divide and are activated following cytotoxic insult, whereas A pale spermatogonia are active stem cells that undergo regular self-renewing divisions to maintain spermatogenesis under normal circumstances Hermann et al., 2007; Ehmcke and Schlatt, 2008) .
Understanding the cellular and molecular characteristics of SSCs in human testes has immediate therapeutic potential for the treatment of male infertility and other regenerative diseases (Kanatsu-Shinohara et al., 2004a; Guan et al., 2006; Seandel et al., 2007; Izadyar et al., 2008) . However, knowledge about the identity and characteristics of SSCs is very scarce and mainly limited to studies in rodents (Bellve et al., 1977; Shinohara et al., 1999; Ohbu et al., 2003) . As the ontogeny of human spermatogenesis is closer to other primates than rodents, in the present study Rhesus monkey testes were used for identification and characterization studies.
Immunohistochemical examination and flow cytometry with germ cell and SSC-specific markers were used to identify SSCs as a distinct population in adult Rhesus monkey testes. Subsequently, identity of SSCs in enriched cell populations was determined using telomerase assay, RT-PCR analysis and immunohistochemical staining. Finally, DNA content analysis and proliferation assay in conjunction with spermatogonial transplantation technique were used to determine the identity of the quiescent and actively dividing stem cells in the adult Rhesus monkey donor testes.
Materials and Methods

Tissue preparation and cell isolation
Ten pairs of testes from euthanized adult Rhesus monkey with the average age of 8.2 + 3.8 years and average body weight of 8.3 + 1.7 kg were obtained from California (four pairs) and Oregon (six pairs) National Primate Centers. Testes were surgically removed, placed in phosphatebuffered saline (PBS, Cellgro, Herndon, VA, USA) supplemented with penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) and transported overnight on ice. After decapsulation, samples were taken for histology and molecular biological analysis. Seminiferous tubules of the remaining tissue were finely minced and digested with collagenase A (1 mg/ml) (Roche, Indianapolis, IN, USA) and DNase (10 U/ml) (Invitrogen) in a reciprocating 378C water bath for 15 min. After collagenase digestion, the undigested tissue was allowed to settle, and cells in the supernatant were removed. The undigested tissue was further digested in an enzyme cocktail consisting of 1.5 mg/ml collagenase A (Roche), 1.5 mg/ml hyaluronidase type V (Sigma, St Louis, MO, USA), 0.5 mg/ml trypsin (Worthington Biochemical Corporation, Lakewood, NJ, USA) and 10 U/ml DNase (Invitrogen) in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) in a reciprocating 378C water bath for 20 min. After straining out remaining undigested tissue, isolated cells were centrifuged at 400g for 10 min. Cell pellets were re-suspended in DMEM þ 10% fetal bovine serum (FBS, Hyclone, Invitrogen, Logan, UT, USA) and placed in tissue culture coated 15 cm dishes (VWR, West Chester, PA, USA) in a Forma Series 2, 5% CO 2 humidified incubator (Thermo Electron Corporation, Waltham, MA) until analysis.
Phenotypic and molecular characterization
Flow cytometry
For cell surface characterization and sorting, cells were stained with a variety of stem cell markers used for characterization of SSCs in other species including CD90-fluorescein isothiocyanate (FITC), CD49f-phycoerythrin (PE), and CD117-allophycocyanin (APC) and other marker candidates (Table I ). All markers not in Table I 
Immunohistochemical staining
Tissues were fixed overnight in 4% paraformaldehyde (PFA) (Electron Microscopy Science, Hatfield, PA, USA) and transferred into 20% sucrose (Sigma). Tissues were frozen in OCT compound (VWR) and cryosections were prepared at 8 mm thickness and stored at 2808C. In addition to tissue, sorted cells were fixed in 4% PFA (Electron Microscopy Science) and re-suspended in 100 mM sucrose (Sigma) at 25 000 cells/ 10 ml. Cells were pippetted onto pre-coated ornithine/lysine (Sigma) glass slides (Surgipath, Richmond, IL, USA) at 10 ml/drop and placed on a 378C hot plate until all drops dried. Slides were stored at 2808C before analysis. For immunohistochemical staining, testicular sections and slides containing the sorted cells were permeabilized using 0.1% Triton X (Sigma) and blocked in either 2% bovine serum albumin (BSA, Sigma)/5% sheep serum (Abcam) or 2% BSA (Sigma)/5% goat serum (Cedarlane Laboratories Limited, Burlington, Ontario, Canada)/0.1% Triton X. Slides were then stained with germ cell and SSC-specific antibodies as described in Table I . DAPI (3, 3 0 -diaminobenzidine, Invitrogen) was used for nuclear visualization. Following multiple washes in 1Â PBS (Cellgro) þ 2% BSA (Sigma), cells were preserved using Permafluor (Beckman Coulter, Fullerton, CA, USA). Slides were analyzed using an Olympus BX-61 microscope with SlideBook TM imaging software. A total of 50 tubules were analyzed among three to four sections per stain, and a total of at least 200 cells were analyzed among three dry drops of the sorted cells per stain.
RNA extraction and real-time PCR analysis
Total cellular RNA was isolated using RNeasy Mini Kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturer's recommendations. The isolated RNA was then transcribed to complementary DNA (cDNA) using the Quantitect RT kit (Qiagen Inc.) and later purified with the QIAquick PCR purification kit (Qiagen Inc.). For each RT-PCR, 20 ng of cDNA template was used in a 25 ml reaction volume with HotStar Taq Plus (Qiagen Inc.) and respective primers (Table II) . All targets were amplified for 30 cycles. Amplification products were identified by size on a 2% agarose gel. For quantitative RT-PCR, 5 ng of cDNA template was used in a 25 ml reaction volume with Quantitect Sybr Green PCR master mix (Qiagen Inc.) and run on a BioRad iCycler. Each sample was assayed in triplicate and normalized to a glyceraldehyde-3-phosphate dehydrogenase control.
Telomerase assay
The SYBR Green real-time quantitative telomeric repeat amplification protocol has been adapted from Wege et al. (2003) . Tissue or cell pellets were washed once in PBS and re-suspended and homogenized in a prepared lysis buffer containing 1Â Chaps lysis buffer (Millipore, Billerica, MA, USA) and 400 U/ml RNaseOut Inhibitor (Invitrogen) at a volume of 1000 cells/ml. After 25 min of incubation on ice, the cell lysates were centrifuged at max micro centrifuge speed for 10 min at 48C. The supernatant was then transferred to a new micro centrifuge tube, and the protein concentrations were determined at A280 nm with the ND-1000 spectrophotometer (Nanodrop). Reactions were done in 25 ml volumes containing 500 ng protein lysate, Quantitect SYBR Green PCR mix (Qiagen), 1 mg TS primer, 0.5 mg ACX primer and nuclease-free water. For every reaction plate assayed, each sample was tested in triplicate along with a no template control (lysis buffer), a positive control of human embryonic stem cells (hESCs) and a standard curve prepared from hESC protein lysates (1000, 200, 40, 8 and 1.6 ng) . Using the iCycler iQ5 (Bio-Rad, Hercules, CA, USA), the reactions were incubated for 20 min at 258C, for 15 min at 958C, and amplified in 40 PCR cycles for 30 s at 958C and 90 s at 608C. The threshold cycle values (Ct) were determined from semi-log amplification plots (log increase in fluorescence versus cycle number) and compared with the standard curve. The software default setting for the threshold is 10 times the mean of the SD of the fluorescence reading of each well over the first 10 cycles, excluding cycle 1. Telomerase activity was expressed as a percentage relative to hESCs.
DNA content analysis and proliferation assay
For DNA analysis, 1 -2 Â 10 6 cells were washed and re-suspended in 200 ml cold PBS. In a 12 Â 75 mm round-bottom tube, 4 ml of ice cold 70% ethanol was added and cells were fixed overnight at 2208C. For staining, cells were washed in cold PBS and re-suspended in PBS containing 5 mg/ml propidium iodide (PI) at a final cell density of 0.5 Â 10 6 cells/ml and were incubated at 378C for 30 min prior to flow cytometry analysis.
To assess proliferation activity, cells were fixed in 2% PFA and stained with proliferating cell nuclear antigen (PCNA) antibody. The number of PCNAþ cells was counted using fluorescent microscopy. was specifically expressed in cells at the basement membrane of seminiferous tubules. All the GFR-a1þ cells as shown in red also expressed germ cell marker VASA shown in green (asterisks). (B) Double staining of CD49f (green) and VASA (red) showed that within seminiferous tubules CD49f specifically stained the basement membrane and co-localizes germ cells at the basement membrane (arrows). Some of the cells in the interstitial tissue were also positively stained with CD49f (asterisk). (C) Double staining of SSEA-4 (red) and VASA (green) revealed that SSEA-4 also specifically co-localizes with germ cells at the basement membrane of seminiferous tubules (arrows) and no staining was observed outside the tubules. (D) Double staining of germ cell marker VASA (red) and pluripotent marker Nanog (green) showed that Nanog is co-expressed in all spermatogenic cells. Note the chain of Nanog positive spermatogonia at the basement membrane (arrow) and clusters of differentiated germ cells in the lumen of seminiferous tubules positively stained with Nanog (asterisks). (E) Double staining of GFR-a1 (red) and CD49f (green) showed that most of the CD49fþ cells co-localize with GFR-a1 (asterisk). There are also few GFR-a1þ cells that are not positively stained for CD49f (arrow). (F) Double staining of SSEA-4 (green) and GFR-a1 (red). Note the majority of GFR-a1þ cells were SSEA-42 (asterisks) and only a sub-population of SSCs expresses both GFR-a1 and SSEA-4 (arrows). (G) Double labeling for SSEA-4 (red, arrow) and CD49f (green, asterisk) showed that only a subpopulation of CD49fþ cells expresses SSEA-4 on their surface. (H) Double labeling of GFR-a1 (red) and Nanog (green). Note some of the GFR-a1þ cells express transcription factor Nanog in their nucleus (arrow heads) and a chain of GFR-a12 cells highly express Nanog (arrow). (I) CD117 was weakly expressed in primate testis. CD117 was only expressed in cells located in the lumen of seminiferous tubules (asterisks). All the cells located at the basement membrane were CD1172 (arrow). (J) Distribution of cells positively stained with stem cell markers at the basement membrane of seminiferous tubules. Among the markers tested, GFR-a1 and CD49f strongly co-localized, indicating the presence of CD49f at the surface of the majority of SSCs. There were significantly less SSEA-4þ cells than GFR-a1 and CD49f located at the basement membrane of seminiferous tubules (*P , 0.01). Only small fraction of GFR-a1 and CD49fþ cells co-localized SSEA-4, indicating that only a subpopulation of SSCs in primate testes expresses SSEA-4 on their surface.
SSC transplantation
Sigma) and were used as recipients. One month after busulfan treatment, 2 Â 10 5 Rhesus monkey cells were transplanted into the seminiferous tubules via rete testis injection as described before (Ogawa et al., 2000) . Six mice were transplanted with freshly isolated non-sorted cells, five mice were injected with freshly isolated stage-specific embryonic antigen-4 (SSEA-4) sorted cells and six mice were transplanted with freshly isolated Triple Stained cells. To better identify transplanted cells in the recipient testes, a fluorescent cell trace marker, carboxyfluorescein diacetate succinimidyl ester (CFDA-SE, Invitrogen), was used. Cells were collected and washed once in 1Â PBS (Cellgro) þ 1% BSA (Sigma), once in 1Â PBS (Cellgro), and incubated with 8 mM carboxyfluorescein diacetate (CFDA) in 1Â PBS (Cellgro) at 378C for 10 min. Cells were washed with MEM þ HEPES (Invitrogen) þ 2% FBS (Hyclone), centrifuged at 400g for 5 min, re-suspended in media and counted based on positive fluorescence. Two weeks after transplantation, the mice were sacrificed, seminiferous tubules were dissected and the total number of CFDAþ cells in each testis was counted. All animal experiments were conducted in accordance with the National Research Council's Guidelines for the Care and Use of Laboratory Animals.
Statistical analysis
Two sample student's t-test and the analysis of variance test were used for statistical analysis, and P , 0.05 was considered as significant.
Results
Flow cytometry
Expression profiles of adult Rhesus monkey testicular cells stained with various stem cell markers are presented in Supplementary Material, Figure S1 . Among the surface markers used for characterization of SSCs, CD38, CD49d, CD13, CD18, CD133 and EpCAM (epithelial cell adhesion/activating molecule) were not expressed on the surface of adult primate testicular cells. These cells also had almost no expression of the stem cell marker CD117 also known as c-Kit, a receptor for stem cell factor and an early marker for germ cell differentiation. A very small portion of these cells expressed the glial cellderived neurotrophic factor (GDNF) receptor GFR-a1, a signaling molecule involved in SSC self-renewal and conserved among mammalian species (Oatley et al., 2006) . Also, a small fraction of these cells expressed CD9, another surface marker expressed in mouse and rat SSCs (Kanatsu- Shinohara et al., 2004b) , and SSEA-4, a pluripotent marker found in hESCs and embryonic germ cells (Heins et al., 2004; Shamblott et al., 1998) . Markers that were expressed most abundantly were DBA, a lectin and a potential spermatogonial (Izadyar et al., 2002) and pluripotent (Venable et al., 2005) marker; CD90 and CD49f, both markers were found at the surface of rodent SSCs and other multipotent stem cells; CD34 surface marker of hematopoietic stem cells, and BCRP, an ATP binding transporter found on side population stem cells.
A single dot plot analysis of the selected markers used for purification of primate SSCs is presented in Fig. 1A . As the SSC population in rodents is shown to be .100-fold higher in CD1172 cells that express both CD90 and CD49f, from the CD1172 population CD90 and CD49f were plotted against each other to identify the double positive cells classified as Triple Stained cells (Fig. 1B) . The double positive cells were chosen and sorted for further PCR and immunohistochemical analyses. For additional characterization, SSEA-4 which is used to identify undifferentiated hESC was used with the CD90, CD49f and CD117 antibodies. Approximately 5.7% of the total population was positive for CD90 and CD49f from which a subpopulation (24%) was SSEA-4þ (Fig. 1C) . A histogram of flow cytometry analysis of selected markers is presented in Fig. 1D .
Altogether the results show that in adult Rhesus monkey testes there are distinct populations of stem cells that are positively stained for CD90 and CD49f from which a subpopulation co-localizes with pluripotent marker SSEA-4.
Immunohistochemical staining of testicular sections and sorted cells
Among the markers used for immunohistochemical localization of SSCs in primate testes, CD49f, SSEA-4 and GDNF family co-receptor a1 (GFR-a1) showed very interesting staining patterns. CD49f, also known as a6-integrin, stained the basement membrane of the seminiferous tubules, and the plasma membrane of some cells attached to the basement membrane (Fig. 2B , E, and G). On average, nine CD49fþ cells were found in each seminiferous tubule cross-section. Within seminiferous tubules almost all of the CD49fþ cells were VASAþ, indicating they are germ cells. There were more CD49fþ cells per tubule cross-section than GFR-a1. Co-localization study using both GFR-a1 and CD49f antibodies showed that the majority of CD49fþ cells also show GFR-a1þ staining, indicating a large proportion of CD49fþ cells are SSCs.
SSC marker GFR-a1 was specifically expressed at the basement membrane of the seminiferous tubules. On average, eight GFR-a1þ cells were found per tubule cross-section. As expected, all the GFR-a1þ cells were also positive for germ cell-specific marker VASA. SSEA-4 also showed a very interesting staining in adult monkey testes. All the SSEA-4þ cells were located at the basement membrane and showed VASA staining, indicating they are germ cells. On average, three SSEA-4þ cells were found in each tubule and VASAþ cells in various cell populations before and after enrichment with stem cell markers (visualization depicted in Supplementary Material, Figure S2) . Only a few GFR-a1þ cells were found in the testicular cell suspension before enrichment (non-sorted). Sorting for CD49f alone or in combination with CD90 and negative selection for CD117 (Triple Stained) resulted in the highest number of cells positively stained for germ cell marker VASA and SSC marker GFR-a1 as compared with the CD90 and SSEA-4 sorted cells (*P , 0.01). Sorting for CD90 or SSEA-4 also resulted in a significant increase in the number of SSCs as detected by VASA and GFR-a1 staining compared with the non-sorted population (**P , 0.001).
cross-section. The majority of the SSEA-4þ cells also were CD49fþ. There was also a very high co-localization between SSEA-4 and GFR-a1, showing that SSEA-4 is expressed at the surface of SSCs. Co-localization studies with GFR-a1 and SSEA-4 antibodies indicate that only 25% of SSCs in primate testes express SSEA-4 (Fig. 2J) .
Very few CD117þ cells were found in primate testes. Within tubule cross-sections, CD117 staining was only found in the cells located at the lumen of seminiferous tubules (Fig. 2I) . All the CD117þ cells were also VASAþ, showing that they are differentiated germ cells. No CD117 staining was found in cells located at the basement membrane of the tubule cross-sections, indicating that primate SSCs are CD1172.
Nanog was expressed abundantly in primate testes as a nuclear staining and was co-localized with VASA in almost all germ cells in seminiferous tubules (Fig. 2D) . Nanog expression was stronger in advanced germ cells located at the lumen of seminiferous tubules compared with undifferentiated germ cells located at the basement membrane. Co-localization study of Nanog and GFR-a1 showed that all the SSCs show a low Nanog expression (Fig. 2H) . Antibodies used to identify CD90 cells only stained the basement membrane and did not stain any cellular structure in the testes (data not shown); therefore, this marker was not used in histological analysis. All together, our immunohistochemical examination showed that SSCs in the adult primate testes are positive for CD49f, SSEA-4 and GFR-a1 and are CD1172.
To further confirm our flow cytometric analysis and immunohistochemical staining on testis sections, after cell isolation we sorted CD49fþ, CD90þ, CD49fþ CD90þ CD1172 (Triple Stained) and SSEA4þ cells, and stained them with germ cell marker VASA and SSC marker GFR-a1. Non-sorted cells contained 70% of germ cells as shown by VASA staining (quantification data not shown) and 10% of SSCs as shown by VASA-GFR-a1 staining (Fig. 3) . Sorting for CD49f or CD90 alone or in combination with CD1172 selection (Triple Stained) significantly enhanced the proportion of VASA -GFR-a1þ cells to 42.6, 30 and 46.4%, respectively. SSEA4þ cells also had a significantly higher percentage of VASA-GFR-a1þ (37.5%) compared with the non-sorted cells (Fig. 3) .
Real-time PCR and telomerase assay
Quantitative PCR analysis showed that the expression level of all three SSC-specific genes, including c-Ret, GPR-125 and promyelocytic leukemia zinc finger (PLZF), was significantly higher in SSEA-4þ cells when compared with the tissue and non-sorted cells; whereas only expression of c-Ret in Triple Stained cells was similar to the expression level in SSEA-4+ cells (Fig. 4) . Analysis of telomerase activity showed that both Triple Stained cells and SSEA-4þ cells have significantly higher telomerase activity than the tissue, non-sorted cells, CD49fþ cells or CD90þ cells (Fig. 5) . Note there is slight telomerase activity in primate testes and nonsorted cell populations. Enrichment with CD49f or CD90 alone significantly increased telomerase activity (*P , 0.001). Sorting for CD49f in combination with CD90 and negative selection for CD117 (Triple Stained) resulted in even higher telomerase activity when compared with the tissue and non-sorted populations (**P , 0.0001). Enrichment with SSEA-4 alone resulted in the highest value of telomerase activity (***P , 0.00001).
DNA content and proliferation activity of germline stem cells
DNA content analysis revealed that SSEA-4þ cells have a DNA profile similar to the actively dividing cells, whereas Triple Stained cells show an extra peak indicating that those cells are arrested in the S phase of the cell cycle (Fig. 6) . Moreover, SSEA-4þ cells showed significantly higher proliferation activity as shown by PCNA staining than the Triple Stained cells (Fig. 7) . This indicates that SSEA-4þ cells might resemble actively dividing SSCs, whereas Triple Stained cells may represent quiescent SSCs.
SSC transplantation
Two weeks after transplantation of primate cells into immunodeficient mice testes, 0.1% of CFDAþ cells from the non-sorted population colonized recipient testes. Similarly, Triple Stained cells also showed very low colonization efficiency. However, SSEA-4þ cells showed significantly (P , 0.001) higher colonization when compared with the non-sorted or Triple Stained cells (Fig. 8) .
Discussion
This study demonstrates the identity of SSCs in the adult primate testes as being similar, but not identical to rodents, and unravels molecular and phenotypic characteristics of the quiescent and actively dividing SSCs in a primate species. Immunohistological examination using a variety of general stem cell markers in combination with germ cell and SSC-specific markers revealed that in primate GFR-a1 is specifically expressed at the surface of SSCs along the basement membrane of the seminiferous tubules. GFR-a1 is the receptor for GDNF, which is an important regulator of self-renewal of SSCs and has been shown to be expressed in different species including mouse and rat (Kubota et al., 2004; Buageaw et al., 2005; Ryu et al., 2005) , bovine (Oatley et al., 2004) and primates (Hermann et al., 2007) . As expected all the GFR-a1þ cells were VASAþ, indicating that they are germ cells. Among the stem cell markers used in this study, CD49f was highly (80%) co-localized with GFR-a1 within the seminiferous tubules, indicating that this marker is predominately expressed on the surface of the SSCs. Moreover, cell populations enriched with CD49f antibody collected by flow cytometry also showed a very high level of co-localization with GFR-a1, supporting the immunohistochemical staining on testes sections. Expression of CD49f on the surface of primate SSCs indicates that this marker is conserved among the species including rodents (Frojdman and Pelliniemi, 1994; Shinohara et al., 1999) and marmoset (Husen et al., 1999) . Localization of some CD49fþ cells within interstitial cells outside the seminiferous tubules indicates that this marker alone cannot be used for isolation of highly pure populations of SSCs from adult primate testes.
Studies in the mouse using flow cytometric cell sorting and transplantation functional assay showed that in addition to CD49f, mouse 
Identification of primate SSCs
SSCs also express CD90 and CD24, but were negative for major histocompatibility complex I, Sca1, CD34 and CD117 (Shinohara et al., 2000) . It appears that mouse SSCs share some but not all phenotypic and molecular characteristics with other stem cells, in particular, hematopoietic stem cells (Kubota et al., 2003) . Our flow cytometry analysis using a variety of cell surface markers revealed that in the adult Rhesus monkey testes there are distinct cell populations expressing CD49f and CD90, and in contrast to mouse testes the majority of cells in primate testes were CD1172. Immunohistochemical staining of primate testes also showed that all the cells along the basement membrane of seminiferous tubules were CD1172, indicating that CD49fþ cells are CD1172. CD117 (c-Kit), a tyrosine kinase receptor, and its ligand stem cell factor are key regulators of mouse germ cell growth and differentiation (Schrans-Stassen et al., 1999; De Miguel et al., 2002) . Lack of CD117 expression in early stages of spermatogenesis in the primate indicates that this molecule is probably involved only in the later stages of spermatogenic differentiation when compared with the mouse.
Sorting for CD49f or CD90 alone resulted in enrichment of SSC markers as shown by immunohistochemical staining, RT -PCR (data not shown) and telomerase assays. Interestingly, sorting the CD49fþ CD90þ CD1172 (Triple Stained) cells resulted in the high expression level of SSC marker c-Ret as shown by quantitative RT -PCR and elevated telomerase activity, indicating that the combination of these markers enrich SSCs by 3-to 5-fold. In addition, there was also a clear population of SSEA-4þ cells in the adult primate testes, which showed an even higher level of telomerase activity and expressed a higher level of all SSC markers used in this study, including c-Ret, GPR-125 and PLZF. SSEA-4 is a stage-specific embryonic antigen and is predominantly found in pluripotent cells (i.e. ESCs, Rao et al., 2008) . Expression of SSEA-4 in primate SSCs might be related to the developmental pathway of germline stem cells and therefore to their embryonic origin; and this indicates that these cells might have multipotent/pluripotent characteristics similar to ESCs. Existence of a distinct population of germline stem cells with multipotent/pluripotent characteristics in the mouse (Izadyar et al., 2008; Kanatsu-Shinohara et al., 2008) and human (Conrad et al., 2008; Kossack et al., 2008) testes has been reported.
Immunohistochemical staining showed that all the SSEA-4þ cells were located at the basement membrane of seminiferous tubules and co-expressed germ cell marker VASA. SSEA-4þ cells were also highly co-localized with CD49f and GFR-a1. Flow cytometric analysis showed that there are 5 -7% of Triple Stained cells in adult primate testes, whereas only 2-3% of SSEA-4þ cells are present. This is also consistent with our immunohistochemical data on testes sections showing that there are significantly less SSEA-4þ cells found per tubule cross-section than the CD49fþ cells. Only a fraction of GFR-a1þ cells co-localize with SSEA-4, indicating that the SSEA-4 marker is expressed only on subpopulations of SSCs in adult monkey testes. All together, our results indicate that the main population of SSCs in primate testes has a phenotypic characteristic of CD49fþ CD90þ and CD1172, which is similar to rodents and yet a subpopulation of the Triple Stained cells possesses SSEA-4 on their surface.
Previous morphological analysis of primate testes based on the density of the nuclear staining revealed that there are two types of undifferentiated spermatogonia in this species, classified as A dark and A pale spermatogonia. A dark spermatogonia are thought to be the reserve stem cells that are not actively dividing and A pale spermatogonia are shown to be the active SSCs in primate testes . In this study, we found that both Triple Stained cells and SSEA-4þ cells show molecular and phenotypic characteristics of SSCs; however, only the SSEA-4þ cells repopulated recipient testes after spermatogonial transplantation. We hypothesize that SSEA-4þ cells might represent the actively dividing SSCs and Triple Stained cells might resemble quiescent SSCs. Several lines of evidence support this hypothesis. First, using DNA dye PI in combination with flow cytometry, we found that the SSEA-4þ population of germline stem cells has different DNA contents and chromatin intensity from the Triple Stained cells. Although SSEA-4þ cells had less nuclear complexity and a DNA profile similar to the actively dividing cells, Triple Stained cells showed more nuclear complexity and a number of these cells were arrested in the S phase of the cell cycle. Although this observation strongly indicates that SSEA-4þ cells more likely match the A pale and that Triple Stained cells match the A dark population of SSCs, a more comprehensive study using alternative nuclear dyes and densitometry in combination with surface marker fluorescent microscopy is needed to conclusively answer this important question.
The mechanism by which SSCs arrest in the cell cycle and become quiescent is not yet clear, but studies in the mouse showed that vitamin A deficiency induces cell-cycle arrest of SSCs at the end of the S phase which can be released by retinoic acid administration leading to spermatogenesis (Wang and Kim, 1993) . It is possible that retinoic acid regulates the SSC cell cycle by interacting with other regulatory factors known to be involved in SSC self-renewal. GDNF and PLZF are both known to be major regulators of SSC selfrenewal (Costoya et al., 2004; Oatley and Brinster, 2008) . Although it is known that GDNF acts through its receptor c-Ret via up-regulation of BCL6b transcription factor (Oatley et al., 2006) , PLZF functions with a yet unknown mechanism. As PLZF is shown to negatively regulate retinoic acid receptor (RA-r) transcriptional activity (Martin et al., 2003) , we speculate PLZF might control the cell cycle of SSCs by modulating the retinoic acid signaling pathway (Fig. 9) . Interestingly, both SSEA-4 cells and Triple Stained cells showed a high expression level of c-Ret, whereas SSEA-4 sorted cells showed the highest level of PLZF expression. In addition, SSEA-4þ cells showed a high level of expression of GPR-125, a G-protein-coupled receptor molecule recently found at the surface of mouse SSCs (Seandel et al., 2007) . Moreover, SSEA-4þ cells showed significantly higher proliferation activity than Triple Stained cells as shown by PCNA staining. Finally, in culture studies using SSEA-4þ and Triple Stained cells, we have shown that only SSEA-4þ cells expanded in culture and generated spermatogonial colonies (manuscript under preparation). All together, high proliferation activity and increased expression levels of genes involved in SSC self-renewal in SSEA-4þ cells indicate that these cells might be the population of SSCs that are actively dividing.
To the best of our knowledge, these results are the first to describe the molecular biological, immunohistochemical and functional characteristics of different populations of germline stem cells in the adult testes of a primate species, and for the first time we have correlated various cell markers with function and identity of two distinct germline stem cell populations. Unraveling the mystery of quiescence of germline stem cells requires identification and differentiation of such cells from the actively dividing ones, and will be useful to understand the molecular mechanism(s) by which SSCs either become quiescent or release from cell-cycle arrest and enter into the self-renewal or differentiation pathway. In addition, identification of germline stem cells in Figure 9 Diagram representing a hypothetical mechanism by which PLZF may regulate self-renewal of SSCs. We suggest quiescent SSCs contain little or no expression of RA-r or PLZF. SSC quiescence can be overcome by entering into either a differentiation pathway or a self-renewal pathway. We propose the possibility of RA-r and PLZF interactions where RA-r activity will induce differentiation in quiescent SSCs while PLZF expression can block the effects of RA-r, thus promoting SSC proliferation.
Identification of primate SSCs the adult primate testes has an immediate implication in isolation and purification of these cells for therapeutic and pharmaceutical purposes.
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